We have studied Stark-ladder transitions and their oscillator strengths in GaAslAlAs superlattices with different miniband widths 2~by low-temperature photocurrent spectroscopy. The measured intensity ratio as a function of an electric field F of the nth-order Stark-ladder transition normalized by the zeroth-order transition shows a clear F-2 n dependence in the limit of high field. A~2 dependence of the measured intensity ratio on the miniband width is also obtained. These results support the tight-binding theory of Bleuse, Bastard, and Voisin [Phys. Rev. Lett. 60, 220 (1988)].
In a coupled quantum well, or a superlattice (SL), where the wave function extends over all of the SL layers, the application of an electric field F along the growth direction results in localization of the wave function into the individual quantum wells. This phenomenon, called Wannier-Stark localization, has attracted a great deal of attention due to both its physical interest1-3 and its photonic device application.Y'" For low and intermediate electric fields, the wave function is still being extended to a finite number of quantum wells, so that misalignment of the energy levels between adjoining wells results in several discrete energy levels being created in each quantum well, i.e., Stark ladders.
According to the recent tight-binding theory by Bleuse, Bastard, and Voisin.? eigenenergies of the Starkladder transitions are defined by E (n) = Eo +neFD, while the oscillator strengths are approximated by
In ::::::J; [ -Ll/(eFD) ]:::::: { [Ll/(2eFD) ]n /( n !)J2 in the highfield limit, where Eo is the eigenenergy of an isolated quantum well, n is a Stark-ladder index (n =0, ± 1, ±2, ... ), I n is the Bessel function of integer index n, and 2Ll e (2Ll hh ) is the conduction (valence) miniband width with Ll = (2Ll e + 2Ll hh)/2. Previously, Fujiwara et ale have discussed the oscillator strengths of the nthorder Stark-ladder transitions as a function of F for a given SL structure.' The variations of transition energy of the Stark-ladder levels have been also studied, experimentally, as a function of an electric field for different SL structures.i'" However, no studies have been reported that examined the dependence of the oscillator strength on the miniband width. In the previous studies, we investigated optically bistable devices using SL structures with different miniband widths." These studies demonstrated that the oscillator strengths of the Stark-ladder transitions play an important role in determining the optical switching properties. In this paper, we have systematically studied eigenenergies of the Stark-ladder transitions and their oscillator strengths in GaAs/AlAs SL with different miniband widths. Using low-temperature photocurrent (PC) spectroscopy, experimental results which support the recent tight-binding theory are obtained by studying the dependence of the intensity ratios of the nth-order Stark-ladder transition on the strength of the electric field F. Moreover, it is experimentally demonstrated that the dependence of the oscillator strength on the miniband width is consistently explained by the theory in the high-field limit.
Four different GaAs/AlAs SL samples were grown on n + -GaAs (100) substrates by molecular-beam epitaxy. The barrier thicknesses of samples 1,2,3, and 4 were 5. 7, 8.6, 11.4, and 17.3 A, respectively, while the well width was kept at a constant value of 31.3 A. The sample configuration of the p -i -n structures which includes SL layers in the intrinsic i region is the same as that described in a previous paper.f We have calculated Ll values (Ll eal ) using the Kronig-Penney model within the effective-mass approximation for the different SL structures. The values of Ll eal for samples 1, 2, 3, and 4 are 85, 49, 29, and 9.5 meV, respectively. PC spectra were obtained at 16 K using a computer-control system with a picoamperemeter. The illumination system consisted of a halogen lamp and a monochromator. Figure 1 shows typical PC spectra for sample 1 as a function of applied bias voltage (Vb < a referred to the reverse bias). At -lower electric fields, PC spectra have a steplike structure with a sharp peak due to a SL heavyhole exciton: near 1.693 eV at Vb = + 1.2 V (forward bias).
On the other hand, at higher electric fields (higher reverse bias voltages), a leading peak (labeled 0) is observed, which is caused by the transition between localized electron and heavy-hole states in the same well. Experimentally a values (a exp ) may be estimated from the measured energy separation between the SL-and localized-exciton peaks, while neglecting the exciton binding-energy difference. as a function of applied voltage. Dashed lines indicate calculated energy shifts of the nth-order Stark-ladder transition, assuming an Eo value of 1.79 eV, which is nearly equal to a theoretical energy-band gap of an isolated quantum-well state of the sample. Excellent agreement is obtained between the experimental and theoretical energy shifts regardless of neglecting the exciton effects, thus allowing us to assign the structures in the PC spectra.
In Fig. 3(a) , the relative intensity (In /1 0 ) of the nthorder Stark-ladder transition for negative indices n normalized by the zeroth-order transition is plotted for sample 1·in order to show field-induced variations of the oscillator strength of the Stark-ladder transition. In the following we only consider the Stark-ladder transition with negative indices for the oscillator-strength argument.
Dashed curves indicate the calculated values given by
In II o === f3 n(eFD)-2n, where e, is Ll 2nl[22n ( n !)2]. The experimental points, denoted by open or thin symbols, show disagreement with the calculated points. This might be because they include errors due to overestimation of the zeroth oscillator strength. However, as for the other points denoted by closed or thick symbols, the field dependence, i.e., the field-induced attenuation of the measured oscillator-strength ratios, is consistent with those predicted by the tight-binding theory. In other words, a clear r :> dependence is obtained in the high-field limit, which agrees with our previous workr'
In Fig. 3(b) , the relative intensity of the oscillator strength (I_(n+l) II-n) between the (n +1)th-and nthorder Stark-ladder transitions is plotted using the same At intermediate electric fields, several peaks appear in Fig. 1 which originate from the spatially indirect Starkladder transitions. Some peaks (labeled by negative indices) are redshifted and others (labeled by positive indices) are blueshifted. In order to show these peakenergy shifts clearly, a fan chart as a function of electric field has been plotted in Fig. 2 for sample 1. Here, the electric field is evaluated by a build-in potential of 1.5 V, which is given by a focusing point in a similar fan chart Fig. 3(b) further confirms the F2n dependence. Furthermore, we note that the oscillator-strength ratios fit almost perfectly to the theory if we evaluate the calculated value using the exact Bessel function, which is represented by solid curves. This conclusion is also proved valid for the other samples.
The theory predicts that the oscillator strength depends not only on F but also on a. Therefore, we will next study the Ll dependence. Figure 4 shows the observed intensity ratios of first-order Stark-ladder transitions normalized by the zeroth-order transitions for samples 1, 2, 3, and 4, plotted as a function of 10 3 / (eFD )2. Experimental points in Fig. 4 denoted by open symbols include errors due to the overestimation of the zerothorder transition intensity. As the miniband width decreases, the overestimation errors become smaller even at low electric-field regimes. This is due to the fact that in the SL sample with narrow miniband widths, the wave function can easily be localized at low electric fields. In other words, the zeroth-order Stark-ladder states (i.e., the quantum-well states) are already existing at low fields because of their weak tunneling amplitudes to the adjoining wells by the thicker barriers. We note in Fig. 4 that the points denoted by closed or thick symbols follow the linear dependence on r >. Thus, the p-2 dependence has clearly been confirmed for the SL samples with different miniband widths. Dotted lines in Fig. 4 indicate least-squares fitting for these points. As for samples 3 and 4, similar fittings are indicated by dashed lines for a few experimental points at the highest electric-field regimes. The slope of the dotted and dashed lines increases with increasing the miniband width a of the SL samples.
In Fig. 5 , the observed slopes are plotted as a function of a. Upper and lower limits of error bars for samples 3 and 4 correspond to the slopes of the dotted and dashed lines in Fig. 4 , respectively. A solid curve indicates the theoretical quadratic dependence on a given by a 2 / 4. This quadratic dependence is in good agreement with the observed experiment. We note in Fig. 5 that the absolute value of the slope given by the approximate calculation is located below the experimental point. This is in part attributed to the approximate calculation used for the Bessel function. If we use the exact Bessel function for the slope, better agreement is obtained for the absolute values also given in Fig. 5 by the open circles, whose slopes are evaluated at the experimental mean fields. The results given above show that the relative oscillator strength I -1 11 0 of the Stark-ladder transitions depends on a 2 being consistent with the tight-binding theory.r Moreover, the r:> dependence of the relative transition intensity is valid over the wide range of the SL miniband widths (~100 meV) studied in this paper. Therefore, the field-induced modification of the optical spectra in semiconductor superlattices is basically determined by the Wannier-Stark localization mechanism, as observed by the photocurrent spectra in the present case.
In conclusion, Stark-ladder transitions and their oscillator strengths in GaAslAlAs SL's with different mini- band widths are studied using low-temperature photocurrent spectroscopy. Measured peak-energy shifts and variations of the oscillator strengths of the nth-order Stark transitions give good agreement with those predict-
